The current efficiency of monolithic (including two-layer) radiant porous burners is less than 25% and here we introduce a novel structure for effective preheating and radiation routing to increase the efficiency. This recovers the flue gas heat to increase the inlet air temperature and raises the flame temperature locally above the adiabatic temperature (superadiabatic flame) for the fuel-lean conditions. The heat from the superadiabatic region is then extracted and conducted through embedded, high-thermal conductivity radiation corridors and is radiated, at a higher temperature than the flue gas, to the target. The analyses of local thermal non-equilibrium among the gas phase, two-layer porous solid, preheating heat exchanger, and radiant corridor are presented for the zeroth-order reaction of premixed methane/ air. Radiant burner efficiency over 45% is predicted.
Introduction
Porous burners have been extensively studied because of their low pollutant emissions and fuel flexibility. The idea of the porous burner was initiated to find a simple way to produce a superadiabatic flame by inserting a high conductivity porous solid into the flame region to recuperate the heat of the hot downstream gas to cold upstream gas through the solid. Since the porous burners internally recirculate the combustion heat through convection, solid conduction, and radiation to preheat the incoming cold gas flow; they can operate at lower equivalence ratios of fuel/air mixture at higher flame speeds than the laminar flame.
The one-layer porous burners and multiple layers were studied by various researchers [1] [2] [3] [4] [5] . The porous burner made of three layers was numerically analyzed by Yoshizawa et al. [1] . In the study, the reaction was assumed to entirely take place in the middle layer. They reported that the temperature profiles were greatly affected by the interstitial heat transfer coefficient and radiation properties such as absorption coefficient, and optical thickness of the porous media. An experimental investigation was presented by Younis and Viskanta [6] to characterize the heat transfer between the gas and solid phases in a porous medium. A heat transfer correlation for different ceramic foams was presented.
The radiative heat transfer in the porous burners plays an important role in the recuperation of the combustion heat [7] [8] [9] [10] [11] . The effect of the solid thermal conductivity on the radiative heat transfer in packed beds was reported by Singh and Kaviany [7] . It was reported that the radiant conductivity was strongly influenced by the thermal conductivity of the solid phase and the emissivity of the particles. It was also reported that the sensitivity of the radiant conductivity with respect to the porosity was not significant. The local volume averaged method used in various studies of the combustion in porous media [12] [13] [14] [15] , is the two-medium treatment which allows a non-thermal equilibrium between the solid and gas phases. Sahraoui and Kaviany [12] presented a comparison of the direct simulation and volume averaged treatment of the premixed flame in a porous medium.
In recent years the porous burner using two-layer porous media with distinctively different thermophysical properties has been studied by many researchers to anchor the flame at the interface between two porous layers [16, 17] . An experimental investigation on stabilization of flame using a two-layer porous burner made of randomly packed spherical alumina pellets was performed by Bubnovich et al. [16] . The results of the temperature profiles and pollutant emissions were reported for the equivalence ratios of 0.6 and 0.7 of methane/air mixture.
Several studies have utilized various burner designs to recover the heat loss of the exhaust gas to preheat the incoming fuel/air mixture [18] [19] [20] [21] . The preheating effect on superadiabatic combustion of propane/air mixture was studied by Huang et al. [18] . They reported that the preheating had a great influence on ignition and extinction of flame. It was also shown that the decrease of the preheating equivalence ratio would increase the critical preheating energy to sustain a stable combustion mode.
In this paper, a novel porous radiant burner using a preheater and radiation corridors for high efficiency radiant output, is analyzed and the results from the numerical analysis using a zerothorder combustion reaction model for methane/air mixture and non-thermal equilibrium formulation are presented.
Numerical analysis
The radiant porous burner considered for a numerical analysis is shown in Fig. 1(a) and (b) and consists of two-layer porous media (PM1, and PM2), a preheater (PH) and radiation rods (RR). The cold inlet air is heated by the preheater using hot flue gas from the porous burner. The preheated air is then mixed with the cold gaseous fuel flow in the upstream porous medium (PM1) with a fine porous structure. The downstream porous medium (PM2) with Fig. 1(c) ). The heat transfers and mass flow in the superadiabatic radiant burner system are shown in Fig. 1(c) . The combustion heat is extracted by the fins of the radiation rods (RR) and then conducted through the radiation rods to the radiating surfaces. The radiation rods made of a metallic material provide highly conducting paths from the flame to the radiating surfaces. The radiation rods are assumed to be coated with a low thermal conductivity material (thermal insulator) to reduce the heat loss to the colder surrounding flue gas being cooled by the preheater. Therefore, the combustion heat is efficiently transferred to the radiating surface at higher temperatures than the exiting flue gas temperature. As a result, the superadiabatic radiant burner can achieve higher thermal efficiency than the conventional burner.
Porous burner
The porous burner consisting of upstream (PM1) and downstream (PM2) porous media as shown in Fig. 1(b) is analyzed using non-thermal equilibrium formulation. The thermophysical properties and dimensions of the burner system are presented in Table 1 .
The conservation equations of mass, gas species, and energy for gas and solid phases of the porous burner are given by
The continuity, species and energy equations are discretized using finite volume method over the computational domain of the porous media (PM1 and PM2). The density of the gas flow is computed from the ideal gas law, in which the properties of the gas mixture are considered and is given by 
The interstitial convective heat transfer is modeled by the volumetric Nusselt number [6] and is given by
where C and m values are listed in Table 1 . Re is the Reynolds number of the gas flow in the porous media and is given by
The specific volume of the porous media is given by
The effective thermal conductivity of the gas phase consists of diffusion and dispersion terms and is given by
where the thermal diffusivity [22] is given by
and the Peclet number is given by
The Lewis number is assumed to be unity as below,
where the mass diffusivity is given by
The effective thermal conductivity of the solid phase consists of the volume-averaged thermal conductivity and the radiative thermal conductivity of the solid phase and is given by
where the radiative thermal conductivity is given by
The zeroth-order reaction rate is used to model the combustion of fuel/air mixture and is given by
where the coefficients of the combustion model (a r and DE a ) for premixed methane/air flow are listed in Table 1 .
Since the specific heat capacity and thermal conductivity of the gas phase significantly vary with temperature, they are given as the functions of temperature by fourth-order polynomial equations listed in Table 2 .
The perfect mixing of the preheated air and fuel is assumed at the inlet of the burner. The equivalence ratio of the fuel/air mixture is defined as / ¼ ðq F;g =q g Þ=ðq F;g =q g Þ stoich : The velocity of the fuel/air mixture ðu g Þ, entering the burner, is calculated by the mass conservation equation which is given by
The boundary conditions for the energy and species equations are presented below. Inlet (x = 0):
Outlet (x = L PM ):
It is assumed that the porous burner exchanges radiation heat at the outlet with the preheater at its average temperature. All the properties used for the numerical analysis are evaluated based on the mass-averaged mixture of air and fuel.
The governing equations of the porous burner are discretized using uniform grid nodes. The equations are solved by enough iteration until a convergence is achieved. The continuity equation of the gas flow, Eq. (1) is directly used to calculate the velocity at each node. The density of the gas flow is computed by ideal gas law. The initial temperature profiles for gas and solid phases with their peak temperatures at the interface of the upstream and downstream porous media are set to ignite the flame. Note that all properties are smoothed near the interface of two porous media to avoid numerical errors due to discontinuous properties. But the porosity of the porous media was allowed to vary across the interface (Eq. (4)).
Radiation rods and preheater
The radiation rods and preheater analyzed in this study are shown in Figs. 1(b) and 2 . The radiation rod consists of (i) the radial fins located close to the interface of the two layers of the porous media, (ii) a stem and (iii) a radiating disk. The thermophysical properties and dimensions of the radiation rod and preheater are listed in Table 1 .
The radial fins of the radiation rods are modeled by considering the convection and conduction heat transfers [23] . The equations and boundary conditions are given by
where w f is the half thickness of each fin. The convection heat transfer is considered for the radial fins with an insulated tip boundary condition. The stem of the radiation rod is divided to as many nodes as aligned with the preheater tubes Table 2 Coefficients of the polynomial curvefit equations for the specific heat capacity and thermal conductivity of the gas phase [25] . as shown in Fig. 2(b) . The axial conduction only in the stem is considered because of the small temperature gradient in the radial direction. The radiation boundary condition is used at the radiating surface of the radiation rods. The energy equations of the stem of the finned section of the radiation rods shown in Fig. 2(b) are given by
where
where m ¼ fNu D;p k g =½ðA gs =VÞD 2 p k RR w f g 1 2 and perfect insulation is assumed as the boundary condition for the first node (i = 1), i.e., T 0,j = T 1,j It is assumed that the presence of the radiation rods embedded in the downstream porous medium (PM2) do not affect the combustion occurring in the upstream porous medium (PM1). However, the specific volume of the downstream porous medium (PM2), A gs /V is corrected considering the presence of the radiation rods and fins. Note that the burner is modeled as a one-dimensional system while the radiation rods and fins are modeled as two-dimensional systems.
The energy balance of the gas flow in the finned section of the radiation rods is given by _ m h c p;h ½ðT 1 Þ i;j À ðT 1 Þ iþ1;j þ 4pR RR w f C f k RR ½T i;j À ðT 1 Þ i;j ¼ 0;
The unfinned section of the radiation rod is assumed to be insulated to reduce the heat loss to the surrounding gas flow and its energy equations are given by
where the heat transfer coefficient is defined by the correlation of an appropriate compact heat exchanger and is given by
and T t is the temperature of a target (heat sink). The convective heat transfers between the flue gas, the radiation rod and the preheater are calculated in two steps. First the convective heat transfer to the radiation rod is calculated using the flue gas temperature, T 1 by Eq. (27) and Eqs. (30)-(32). Then the reduced flue gas temperature, T 1,PH is used to calculated the energy conservation equations of the flue gas flow which is given by _ m h c p;h ½ðT 1 Þ N f þi;j À ðT 1;PH Þ i;j þ C ins ½T N f þi;j À ðT 1 Þ i;j ¼ 0;
The heat transfer in the preheater tubes is modeled by e-NTU method in which each tube is considered separately and the tube length is also divided into small nodes to be aligned with the radiation rods as shown in Fig. 2(c) . The flow configuration of the preheater corresponds to the case where the air flow inside the preheater tubes is unmixed and the flue flow is mixed and the effectiveness of the preheater is given by 
where NTU is calculated by
where U is the overall heat transfer coefficient of the preheater including the internal and external convective heat transfer coefficients. Each node of the preheater tube is solved to find the outlet air temperature of the node. The outlet air temperature is used as the inlet air temperature for the next adjacent node of the preheater tube. The air temperature in the preheater is calculated at the boundary of two adjacent nodes and is given by
The temperature of the flue gas flow from each node, which is used as the ambient temperature for the radiation rods, is given by
The algebraic equations governing the radiation rods and preheater are solved using the IMSL library.
The thermal efficiency of the burner is defined as the ratio of the radiation output to the target and the combustion heat and is defined by
where the radiation output is given by
rs À e r A t r SB T 4 t Þ ð 41Þ
and the combustion heat is given by
The convective heat transfer (Q RR in Fig. 1(c) ) between the radiation rods and the gas flow is calculated using the gas temperature based on the equivalence ratio ð/Þ. The gas temperature is lower than the actual gas temperature based on the actual equivalence ratio (/ a ), which allows a conservative calculation of the heat extraction by the radiation rods. The equivalence ratio based on the actual fuel supply is calculated by
3. Results and discussion
Heat recirculation of superadiabatic radiant burner
The results of the numerical analysis for the conventional two-layer porous burner was compared and validated with the experimental results of Khanna [24] . It was found from the results of the numerical analysis that the flame speeds are in good agreement with the experimental results in Table 3 .
The superadiabatic radiant burner with two-layer porous burner (PM1 and PM2), a preheater (PH) and radiation rods (RR) was analyzed. The temperature profiles of the superadiabatic radiant burner are depicted in Fig. 3(a) . The conventional burner without preheater uses the inlet air at ambient temperature, while the superadiabatic burner uses an inlet air at higher temperatures because of the external heat recovery (preheating), and thus, expands the fuel lean limit of flammability. For the superadiabatic burner, the radiation rods made of a high thermal conductivity material are used to transfer the combustion heat efficiently from the flame to the radiating surface with a small temperature drop.
As a result of the preheating and separate heat transfer through the radiation rods, the temperature of the radiating surface is greater than the flue gas temperature and close to the adiabatic temperature. It is shown in Fig. 3(a) that, the radiating surface temperature is 81 K greater than that of the exit flue gas resulting in higher radiation efficiency. Note that the temperature at the interface of the porous media (between PM1 and PM2) was used as surrounding gas temperature of the fins of the radiation rods for the convective heat transfer which is a more conservative way for the heat transfer calculation. The temperature and gas species profiles in the upstream porous medium (PM1) near the flame location are magnified in Fig. 3(b) . As shown in the figure, the gas temperature is slightly lower than the solid temperature near the inlet and then the gas temperature is higher than the solid temperature close to the flame. The heat transfer from the hotter solid to the incoming cold gas flow elucidates the internal heat recirculation which is in fact the heat transfer from the flame to the cold gas flow by solid matrix and is responsible for fuel-lean and superadiabatic combustion in the conventional porous burner [7, 10, 19] . After the flame, the thermal equilibrium between the gas and solid phases is quickly achieved due to the interfacial convection heat transfer. It is also shown in Fig. 3(b) that the fuel is completely depleted by the combustion, but the excess oxygen is still left under fuel-lean conditions.
The heat fluxes for the solid phase are shown in Fig. 4 . The radiative, conductive and convective heat fluxes are given, respectively by
where the integral limits (e and w) denote the right (east) and left (west) faces of each node, respectively which are commonly used in the finite volume method. It is shown in Fig. 4 that all the heat fluxes are much greater near the flame and at the outlet region of the porous burner, resulting in non-thermal equilibrium between the solid and gas phases. The radiation and conduction heat transfers are balanced with the interfacial convection heat transfer, which is referred to as the aforementioned internal heat recirculation. The combustion reaction causes a sharp rise in the gas temperature and thus the positive convection heat transfer (heat gain from the gas phase). In the outlet region, the radiation heat transfer from the burner surface to the preheater decreases the solid temperature lower than the gas temperature resulting in the positive convective heat transfer. The heat fluxes for the gas phase near the flame are shown in Fig. 5 
It is shown in Fig. 5 that the conduction heat transfer in the gas phase is dominant near the flame. It is also shown that the sign of the convective heat transfer is changed from positive (heat gain from the solid phase) to negative at the location where the gas phase temperature intersects with the solid phase temperature (Fig. 3(b) ). 
Preheating of superadiabatic radient burner
The superadiabatic radiant burner combines the heat recovery by a preheater from the exit flue gas with the internal heat circulation in the porous burner. The external heat recovery (preheating) raises the inlet gas temperature and further expands the fuel lean flammability limit beyond that of the conventional porous burner.
The overall energy balance of the superadiabatic burner is given by
where Q cb is the combustion heat, Q rs is the radiation output to the heating target, Q r,in is the radiation loss to the surrounding at the inlet and Q g is the enthalpy loss by the flue gas and is given by
where Q g,o is the energy carried by the flue gas, Q g,in is the energy carried by the air into the preheater, and Q F,in is the energy carried by the fuel to the burner as shown in Fig. 1(c) . Dividing Eq. (51) by Q cb , the normalized energy balance is given by
Note that the normalized radiation output (Q ⁄ rs ) is equal to the thermal efficiency (g) of the superadiabatic radiant burner. The normalized energy balance for the baseline condition (preheater air velocity u air = 0.06 m/s) is shown in Fig. 6 . It is shown in Fig. 6 that the largest portion of the combustion energy is lost by the flue gas. As the combustion heat input (equivalence ratio) is increased, the flame temperature and radiation output are increased. At the same time, the radiation loss is also increased because of the increased solid temperature at the burner inlet due to the preheated inlet gas temperature. But at high equivalence ratios (> 0.5), the radiation loss at the inlet is rapidly increased because of the high solid temperature of the burner at the inlet due to the flame proximity. It is also shown in Fig. 6 that the normalized heat recovery by the preheater (Q ⁄ PH ) is decreased by increasing the equivalence ratio because the heat loss is increased. Note that the effectiveness of the preheater is decreased by increasing the equivalence ratio and ranges from 0.45 to 0.36.
The flame location in the upstream porous medium (PM1) for different preheating air velocities and equivalence ratios is depicted in Fig. 7 . The preheating helps ignition of the fuel/air mixture especially at low equivalence ratios. The raised inlet gas temperature due to the preheating tends to draw the flame close to the inlet at low and high equivalence ratios. At intermediate equivalence ratios (0.4$0.51), the flame is located close to the interface of the porous media. Because the flame is far enough from the inlet of the burner, the burner temperature at the inlet (T s,in ) is close to the incoming gas temperature (T g,in ), and thus the radiation loss is rather minimal. At high equivalence ratios, however, the preheating draws the flame to the inlet and quickly raises the inlet burner temperature because of the proximity of the flame, and thus increases radiation loss resulting in decreased radiation output (Fig. 6) . Fig. 8 shows the gas temperatures at the location where the fins of the radiation rods are located. It is shown from the figure that as the preheater air velocity (combustion heat input) is increased, the gas temperature is rather slowly increased. This is also evidenced by the fact that the flame moves close to the burner inlet and more radiation is lost as the preheater air velocity is increased (Fig. 7) . Note that the maximum solid temperatures of all data points in Fig. 8 are below 1600 K.
The thermal efficiencies of the superadiabatic radiant burner at various equivalence ratios and preheater air velocities are shown in Fig. 9 . It is clearly shown that there is an optimum equivalence ratio around 0.5 regardless of preheater air velocity. The thermal efficiency is increased with the equivalence ratio until the flame moves to the burner inlet and thus more radiation loss occurs. It is also shown that the thermal efficiencies of the superadiabatic burner are significantly higher than that of the conventional burner [10] which is about 25%. This big improvement in the thermal efficiency attributes to the preheating by the flue gas and the efficient heat transfer through the radiation rods at a higher temperature than the flue gas. 
Conclusions
A novel superadiabatic radiant porous burner using a preheater and radiation rods was presented and was numerically analyzed. The numerical results showed that thermal efficiency over 45% can be achieved. In the radiant burner, a preheater was used to externally recover the heat from the flue gas and increase the inlet air temperature so that the burner could operate at more fuel lean conditions than the conventional burners. The radiation rods, made of a metallic material (carbon steel) of high thermal conductivity, were used to transfer the combustion heat directly to the radiating surface at higher temperature than that of the flue gas. It was shown that combining the internal heat recirculation found in the conventional porous burners with the external heat recovery of the preheater and efficient heat transfer through the radiation corridors, allows the superadiabatic radiant burner to achieve higher radiating surface than the flue gas temperature and near the adiabatic flame temperature. As a result, a significant improvement in the thermal efficiency for the superadiabatic radiant burner is achieved as compared to the conventional porous burner. 
